The Mg2' requirement of a morphological mutant of Bacillus subtlis, rodB strain 104 was highly temperature sensitive in the presence of halide or nitrate anions. Likewise the morphological change from rod shapes to spheres was dependent upon temperature, the same anions, and the Mg2+ concentration. The three factors interacted. Other rodB mutants behaved similarly. If the rodB strain 104 in its rod form was treated at high temperatures in the absence of either protein or peptidoglycan synthesis and restored to lower temperatures with the syntheses restarted, a partial temporary change toward cocci occurred. In the absence of halides or in the presence of C1-but not Br-, the cells increased in volume when they changed from rods to cocci.
The Mg2' requirement of a morphological mutant of Bacillus subtlis, rodB strain 104 was highly temperature sensitive in the presence of halide or nitrate anions. Likewise the morphological change from rod shapes to spheres was dependent upon temperature, the same anions, and the Mg2+ concentration. The three factors interacted. Other rodB mutants behaved similarly. If the rodB strain 104 in its rod form was treated at high temperatures in the absence of either protein or peptidoglycan synthesis and restored to lower temperatures with the syntheses restarted, a partial temporary change toward cocci occurred. In the absence of halides or in the presence of C1-but not Br-, the cells increased in volume when they changed from rods to cocci.
Strains of Bacillus subtilis bearing the rodB mutation need a high concentration of magnesium ions for rapid growth. The addition of halide or nitrate ions to the growth medium improves the growth rate so that with 10 mM Mg2+ and 15 mM concentrations of the anions, the rate is about the same as that of the wild type. At 350C the mutant grows as a coccus in the presence of 15 mM Cl-but is converted to a rod by substituting the same concentration of Br-, I-, or NO3- (19) . Much lower concentrations of glutamic acid than those previously reported (16) also cause the morphological change. The effect of I-on morphology is temperature sensitive (19) . Cells grown at 350C in the presence of this anion are rod-shaped, whereas they become spherical when grown at 420C (19) . These observations have now been extended to show that both the growth requirement for Mg2' and the morphology of these mutants are temperature sensitive in the presence of the relevant anions. The morphology is temperature sensitive without additional anions. The temperature at which the morphological change takes place is dependent on the nature of the anion.
MATERIALS AND METHODS Microorganisms and media. The majority of the work has been done with rodB strain 104 (9) . The basal medium (TRM) was as previously described (19) .
Inoculation and culture conditions. Exponentially growing cultures were obtained as previously (19) Magnesium uptake by the mutant strain rodB 104. Measurements of the rates of the uptake of Mg2" by the mutant using 'Mg2" under a variety of conditions showed that neither the Km nor the Vm,= ofthe process was significantly different from that of the wild type. These characteristics were not affected by the presence of 15 mM Br-added either to the test system or to the growth medium. The values of the Km and Vm.x for Mg2" uptake ranged from 10 to 25 ,uM and from 6 to 33 ,mol/min per mg of cell protein, respectively.
Temperature sensitivity of the morphological change. The addition of 15 mM Br-, I-, or NO3-to TRM medium containing 10 mM Mg2e changed rodB strain 104 from a coccal to a rod shape (19) . With Cl-present, however, the organisms always grew as cocci at 35°C, irrespective of the concentration of either Mg2+ or the anion. The effects of growing the mutant at different temperatures for 6 to 10 generations in the presence of halide ions or sodium glutamate are shown in Table 2 . Organisms found (19) to be approximately spherical when grown at 35°C with 15 mM Cl-became rod-shaped at 30°C. In the absence of added anions, rodshaped organisms were formed at 25°C. At 35°C Rates of increase of cell mass and number. In the original studies (17, 18) , the Rod- mutant (Rod 4) grew on solid media as groups of misshapen coccal forms divided by septa running in different directions. The transformant strain 104 (7) grew in the TRM medium (19) as well-separated rods or coccal forms that showed little evidence of distorted septum formation (Fig. 3) . This made possible meaningful measurements of cell dimensions and cell numbers. Figures 4A and B show the effects of changing the growth temperature from 30 to 42°C upon the mutant strain 104 and upon its parent strain, 172.
In the culture of the mutant strain, the rate of increase in cell number after the change in growth temperature was lower than that for mass increase as measured by optical density (Fig. 4) . This should indicate an increase in the mass per cell of the mutants due to an increase J. BACTERIOL. at growth synthesis. If, however, such cultures were revhen grown turned to the conditions for rod formation and ses in cell either the essential amino acid was added or 11 volumes the chloramphenicol was removed by a brief from rods washing of the filtered cells with medium, the r anions or morphology changed to the coccal form (Fig. 5) . volume in-The cell shape reverted to that of the normal vth temper-rods on more prolonged incubation. The length conditions, of time of treatment at the higher temperature e measure-appeared to have some slight affect on the extent of the cells of the morphological change. For example, after lions added 30 min of treatment at 420C, in the absence of I with Br-. leucine, the change in axial ratio on restoring ) of surface the amino acid and.reducing the temperature d, as might to 20°C was from 4.7 to 3.6, whereas after 2 h hange from of treatment the ratio was reduced to 3.0. In 2) that the this experiment no additional anions were added elationship to the basal TRM medium, and the minimum aed from a value for the axial ratio was reached after about leucine deficiency itself might have caused the morphological change when the amino acid was restored. However, when leucine was absent during 2 h of incubation at 300C, with Cl-present the change in shape was barely significant after restoration ofthe amino acid. Treatment at 420C without leucine led to a period of growth at a considerably slower rate than was expected when the amino acid was added and the cells were returned to growth at 300C. The complications of this change in growth rate could be eliminated by working at two lower temperatures but comparing two different halide anions added to the medium during treatment at the A B J. BACTERIOL. FIG. 5 . Changes in the axial ratios ofcells ofstrain after the incubation temperature was changed from 42 to 30°C. The incubation at 42°C was for the times indicated, and leucine was omitted from the medium being restored when the growth temperature was reduced.
cultures when restored to 2500 were identical without lag. At 3700 the mutant strain normally grows as cocci in the presence of C1-and as rods with Br-.
Involvement of peptidoglycan synthesis.
Peptidoglycan synthesis in many bacteria can continue in the absence of protein synthesis (5, 10) , so a number of relevant questions can be asked. (i) Are there differences in the rate of peptidoglycan synthesis in the absence of protein synthesis according to whether the conditions are those to produce coccal or rod shapes? It seems unlikely that rodB mutant strains have impaired Mg2+ transport as was at first thought (19) , although many of their growth properties conformed to those of proven Mg2+ transport mutants of Escherichia coli (9, 13) and of B. subtilis (22). The most likely hypothesis had been to suppose that the need for high concentrations of Mg2+ was due to inadequate transport of sufficient Mg2+ to maintain ribosomal structure and function. Since changes in wall chemistry and autolytic properties which correlate with the change in morphology of rodA mutant strains (1-4; H. J. Rogers and C. Taylor, unpublished work) also do not occur in rodB mutants, suspicion now falls on the membrane. It may be relevant that a mutant of E. coli requiring high concentrations of Mg2+ for growth has already been found (8) to have a disturbed phospholipid metabolism.
Growth rates and morphology of the mutant strains are both under the control of the same parameters in rodB mutants, even though concentrations of Mg2+ and of anions and growth temperatures can be chosen such that the morphological changes are expressed without change of growth rate. As is well known, bacterial and mycoplasmal membranes are maintained or regain their organization and integrity under the influence of Mg2+ (6, 14, 15) . Enzymes synthesizing wall polymers need Mg2+ or Mn2+ to function efficiently, and divalent cations are known to alter the mobility of lipids and proteins. It would seem that any one of these effects could account for control of morphology and growth rate. The results of treating cells of the mutant strains at higher temperatures in the absence of protein and/or wall synthesis, with subsequent lowering of the temperature and restoration of the synthesis, are compatible with the hypothesis of a heat-labile membrane factor in the mutants, essential for extension of the cell to a rod shape. Alternatively, disorganization of membrane components occurring at high temperatures might lead to the generation of the relatively less organized spherical shape, order being reimposed by protein synthesis when the bacteria are changed to the lower temperature. Whichever explanation is chosen, the profound effect of the anions has to be accommodated.
